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ABSTRACT
Theoretical and observational arguments suggest that there is a large amount of hot (∼ 106 K), diffuse gas residing
in the Milky Way’s halo, while its total mass and spatial distribution are still unclear. In this work, we present a
general model for the gas density distribution in the Galactic halo, and investigate the gas evolution under radiative
cooling with a series of 2D hydrodynamic simulations. We find that the mass inflow rate in the developed cooling
flow increases with gas metallicity and the total gas mass in the halo. For a fixed halo gas mass, the spatial gas
distribution affects the onset time of the cooling catastrophe, which starts earlier when the gas distribution is more
centrally-peaked, but does not substantially affect the final mass inflow rate. The gravity from the Galactic bulge and
disk affects gas properties in inner regions, but has little effect on the final inflow rate either. We confirm our results by
investigating cooling flows in several density models adopted from the literature, including the Navarro-Frenk-White
(NFW) model, the cored-NFW model, the Maller & Bullock model, and the β model. Typical mass inflow rates in
our simulations range from ∼ 5M⊙ yr−1 to ∼ 60M⊙ yr−1, and are much higher than the observed star formation rate
in our Galaxy, suggesting that stellar and active galactic nucleus feedback processes may play important roles in the
evolution of the Milky Way (MW) and MW-type galaxies.
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— X-rays: galaxies
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1. INTRODUCTION
Several independent observational studies, such as X-
ray observations, ram-pressure stripping of Milky Way
satellite galaxies, pulsar dispersion measure measure-
ments, indicate that there exists a significant reservoir
of hot baryons in the Milky Way (MW) halo (e.g.,
Miller & Bregman 2015; Grcevich & Putman 2009;
Gatto et al. 2013; Salem et al. 2015; Fang et al. 2013).
However, the total mass of the hot gaseous halo and
its spatial temperature and density distributions are
still very difficult to determine to date. The structure
and evolution of the hot gaseous halo may play a very
important role in the formation and evolution of the
MW.
The total mass of the hot halo gas may account
for a significant fraction or even all of the “missing
baryons” of our Galaxy (Fang et al. 2013). To date
various observational evidences including maser ob-
servations, satellite kinematics constrain the MW’s
virial mass in the range of Mv = (1.0 − 2.4) ×
1012M⊙ (Boylan-Kolchin et al. 2013). In the ab-
sence of mass loss and taking the cosmological baryon
fraction fb = 0.157 recently measured by Planck
(Planck Collaboration et al. 2016), the MW’s baryonic
mass is Mb = fbMv ≃ (1.57 − 3.77) × 1011M⊙. How-
ever, in the MW, the observed cold baryonic mass is
Mcold ≃ 0.65× 1011M⊙(McMillan & Binney 2012), sug-
gesting that & 1011M⊙ of baryons are missing within
our MW’s virial radius. A large fraction of these missing
baryons may reside in the MW’s extended halo in the
form of hot gas (Fang et al. 2013).
The properties of the hot gaseous halo have been
investigated mainly through two approaches: ram-
pressure stripping of dwarf satellite galaxies in the MW
halo and X-ray spectroscopic observations. The for-
mer method is circumstantial, based on the assumption
that the lack of HI gas in MW dwarfs is due to ram
pressure stripping by the halo gas. Using this method,
Grcevich & Putman 2009 find that the halo gas density
is greater than 2 × 10−4 cm−3 out to galactocentric
distances of at least 70 kpc. This result is further
confirmed by a more recent constraint of the halo gas
density n = 1.3 − 3.6 × 10−4 cm−3 at r = 50 − 90 kpc
when using the same ram-pressure stripping argument
to two MW dwarfs: Sextans and Carina (Gatto et al.
2013). Salem et al. (2015) use both analytic meth-
ods and three-dimensional hydrodynamic simulations
to investigate ram-pressure stripping signatures of the
Large Magellanic Cloud’s gaseous disk, finding that the
MW’s halo gas density is n = 1.1+.44−.45 × 10−4 cm−3 at
r = 48.2± 5 kpc.
The later method with X-ray spectroscopic observa-
tions is direct, but its results rely significantly on sev-
eral assumptions, including metallicity and the spatial
density distribution of the halo gas. In addition to the
halo gas, additional components could also contribute
to the observed soft X-ray background (SXRB). It is
known that the SXRB (between 0.5-2 keV) is composed
of three components: (1) the cosmic X-ray background
(CXB), which is thought to come mostly from active
galactic nuclei (AGNs); (2) local thermal plasma emis-
sions from a combination of the local hot bubble (LHB)
and solar wind charge exchange (SWCX) processes. The
LHB is believed to be a supernova remnant within which
the gas is at around 106 K (Snowden et al. 1990, 1993
and Smith et al. 2007), while the SWCX is the emission
from charge exchange reactions between neutral hydro-
gen and helium atoms and solar wind ions around our
solar system (Cravens et al. 2001, Snowden et al. 2004,
Koutroumpa et al. 2006, 2011); (3) “non-local” ther-
mal plasma emissions from both supernova-driven out-
flows from the Galactic disk (Joung & Mac Low 2006,
Hill et al. 2012) and the more extended gaseous halo.
So investigating the hot halo gas through X-ray ob-
servations depends on how accurately we can deter-
mine and then subtract these additional components.
Miller & Bregman (2013, 2015) adopted a β-model (see
Section 4) for the radial density profile of the halo gas
and a constant-density LHB to fit a large sample of O
VII and O VIII absorption and emission line measure-
ments from XMM-Newton/EPIC-MOS spectra, and ob-
tained a best-fit β-model with β = 0.50.
Another direct probe for the halo gas density is the
dispersion measure (DM) of pulsars. Nugaev et al.
(2015) recently investigated the contribution of the hot
gas in the MW’s halo to the DM of the pulsars with
three models for the halo gas density distribution in-
cluding the Navarro, Frenk &White (NFW), Maller &
Bullock (MB), and Feldmann, Hooper & Gnedin (FHG)
profiles. They concluded that the MB and FHG models
are compatible with the observed DMs, while the DM of
the NFW model is too high to be consistent with obser-
vational data. Fang et al. (2013) also obtained a similar
result though they additionally considered the contribu-
tion of the warm ionized medium (WIM) in and near the
Galactic disk to the DM (see Figure 3 in their paper).
The existence of extended gaseous haloes around
Milky-way-like galaxies has also been predicted in nu-
merical simulations. For example, Nuza et al. (2014)
performed a constrained cosmological simulation of the
Local Group (LG) to investigate the gas distribution in
the MW halo in three phases: cold, hot and HI. They
found that the hot gas dominates in the halo with a
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total mass of Mhot ∼ 4 − 5 × 1010M⊙ and the spatial
density distribution is consistent with the β-model for
r & 50 kpc (see Miller & Bregman 2015).
The hot diffuse gas has been extensively studied in
galaxy clusters with X-ray observations and numeri-
cal simulations, and is usually called the intracluster
medium (ICM) there (see Werner et al. 2019 for a re-
cent review). In cool-core galaxy clusters, the central
gas cooling time is very short (∼ 108 − 109 yr; e.g.,
Hudson et al. 2010; McDonald et al. 2017), and in the
absence of heating sources, a cooling catastrophe is ex-
pected to develop in central regions of galaxy clusters,
resulting in significant cooling flows with typical mass in-
flow rates of ∼ 100− 1000 M⊙ yr−1 (White et al. 1997;
Allen et al. 2001; Hudson et al. 2010). Strong cooling
flows are inconsistent with multi-wavelength observa-
tions of most galaxy clusters (Peterson & Fabian 2006),
and AGN feedback is often invoked to heat the ICM and
solve this so-called cooling flow problem (e.g., Guo et al.
2008; McNamara & Nulsen 2012; Guo et al. 2018). On
the galaxy scale, the development of cooling flows is
shown to be bimodal, either resulting in a central cooling
catastrophe or remaining in the hot mode with a central
cuspy temperature profile (Guo & Mathews 2014; Guo
2014; Stern et al. 2019). If the MW indeed has a signif-
icant hot gaseous halo as observations have indicated so
far, it would be important to investigate the impact of
radiative cooling on the evolution of the halo gas, which
may supply cool gas to the Galactic disk in the form of
cooling flows.
In this work, we present a new general model for the
radial density distribution of the hot halo gas. Start-
ing from hydrostatic equilibrium in the MW’s potential
well, we investigate the thermodynamic evolution of the
hot gas under radiative cooling using a suite of two-
dimensional (2D) hydrodynamic simulations. We pay
particular attention to the gas cooling times in different
initial gas density profiles and the resulting mass inflow
rates toward the Galactic center. We investigate the
roles of gas metallicity, the total gas mass in the halo,
the spatial distribution of the halo gas, the gravity from
the Galactic bulge and disk on the developed cooling
flow. We also confirm our main results with several gas
density models in the literature. The rest of the pa-
per is organized as follows. In Section 2, we describe
our methods in detail, including the basic equations,
the gravitational potential of the MW, our model for
the density profile of the hot halo gas, simulation setup,
and initial conditions. Our results are presented in Sec-
tion 3. In Section 4, we compare our model with several
well-known models in the literature. We summarize our
results in Section 5.
2. METHODS
2.1. Basic Equations
We investigate the evolution of the hot gas in the
MW’s halo by solving the following hydrodynamic equa-
tions:
dρ
dt
+ ρ∇ · v = 0, (1)
ρ
dv
dt
= −∇P − ρ∇ΦMW, (2)
∂e
∂t
+∇ · (ev) = −P∇ · v − C, (3)
where ρ, v and e are the density, velocity and internal
energy density of the gas, respectively. P = (γ − 1)e
is the gas thermal pressure, where γ = 5/3 is the adia-
batic index. ΦMW is the gravitational potential of the
MW (see Section 2.2). C = nineΛ(T, Z) is the radiative
cooling rate per volume, where ni is the ion number den-
sity, ne is the electron number density, and the cooling
function Λ(T, Z) depending on the gas temperature T
and metallicity Z is adopted from Sutherland & Dopita
(1993). The gas temperature T can be derived from the
ideal gas equation of state (EOS):
P =
ρkBT
µmp
, (4)
where kB is Boltzmann’s constant, µ = 0.59 is the mean
molecular weight per particle and mp is the proton mass
(Miller & Bregman 2015; Guo & Oh 2008).
2.2. Gravitational Potential of the Milky Way
The gravitational potential of the MW is mainly con-
tributed by three components: a dark matter halo, a
stellar disk and a spherical stellar bulge:
ΦMW = Φdm +Φdisk +Φbulge. (5)
Here we ignore the self-gravity of the hot gas, which
is negligible compared to the other components. For
simplicity, we assume that ΦMW is fixed in our sim-
ulations. In outer regions of the Galaxy, the gravita-
tional potential is dominated by dark matter, whose ra-
dial density distribution may be described by the NFW
profile (Navarro et al. 1996, 1997):
ρdm(r) =
m0/2pi
r(r + rs)2
, (6)
where rs is the scale radius of the NFW profile and m0
is a characteristic mass.
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The NFW profile contains two parameters: rs andm0,
and here we instead use the virial mass Mvir and the
concentration Cv to describe it. Mvir is the total dark
matter mass enclosed in the virial radius rvir, within
which the mean dark matter density is ∆vir times the
critical density of the Universe ρc = 3H(z)
2/8piG. Here
H(z) is the Hubble constant at redshift z of the system,
G is the gravitational constant, and we choose ∆vir =
200. In all our simulations, we take the virial mass to be
Mvir = 10
12M⊙. The virial radius can then be derived:
rvir = (
3Mvir
4pi∆virρc
)1/3 = 206 kpc (7)
which is the same as in Dierickx & Loeb (2017). The
value of the concentration Cv is derived from the correla-
tion between the concentration and the virial mass found
in the cosmological simulations of Duffy et al. (2008):
Cv = A(Mvir/Mpivot)
B(1 + z)C (8)
where A = 5.74, B = −0.097, z = 0 and C = 0. The
derived concentration is Cv = 6.355, and thus the scale
radius rs = rvir/Cv = 32.5 kpc. The characteristic mass
m0 is related to the concentration Cv and the scale ra-
dius rs through
m0 = 2piρcδcr
3
s , (9)
where the characteristic density δc is
δc =
∆vir
3
C3v
ln(1 + Cv)− Cv/(1 + Cv) . (10)
Combined with the above equations, the correspond-
ing gravitational potential contributed by dark matter
can be written as (Guo & Mathews 2014) :
Φdm(r) = −2Gm0
rs
ln(1 + x)
x
(11)
where x = r/rs. Unless noted otherwise, we only take
into account the contribution of dark matter to the
MW’s gravitational potential ΦMW in our simulations,
while the impact of the Galactic disk and bulge on our
results is specifically investigated in Section 3.5.
The Galactic disk and bulge mainly affect the gravi-
tational potential of inner regions of the MW. For Φdisk
and Φbulge, we adopt the models used in Helmi & White
(2001) and Guo & Mathews (2012):
Φdisk = − GMdisk√
R2 + (a+
√
z2 + b2)2
, (12)
Φbulge = −GMbulge
r + c
. (13)
where a = 6.5 kpc, b = 0.26 kpc, c = 0.7 kpc, R is the
galactocentric radius in the Galactic plane, and z is the
height from the Galactic disk. For the masses of the
disk and bulge, we use the updated values in McMillan
(2017): Mbulge = 9.23× 109M⊙. The MW’s stellar disk
can be decomposed into two components: the thin and
thick disks (e.g. Gilmore & Reid 1983), and the result-
ing disk mass is Mdisk = Md,thin + Md,thick = 4.57 ×
1010M⊙, where Md,thin and Md,thick are the masses of
the thin and thick disks, respectively (McMillan 2017).
2.3. Our Model for the Hot Gaseous Halo
The spatial distribution of the hot gas in the MW’s
halo is quite complicated, affected by the gravity of the
dark matter halo, the gravity of the Galatic disk and
bulge (see Section 3.5), stellar and AGN feedback pro-
cesses. Based on these considerations, here we adopt a
general model to describe the radial profile of the hot
halo gas:
ρ(r) =
ρ0
(r + r1)α1(r + r2)α2
(14)
Here, ρ0 is a constant normalized by the total gas mass
within the virial radius rvir = 206 kpc:
Mg =
∫ rvir
rmin
∫ pi
0
ρ(r, θ)2pir2 sin θdrdθ, (15)
where rmin is the inner boundary of our calculation do-
main (see Section 2.4). The values of Mg in our simula-
tions are chosen to be a fraction of the missing baryon
mass of the MW Mmbar = 10
11M⊙ (see Sec. 1), as
listed in the second column of Table 1. Observational
estimates of Mg depend on the adopted profile for the
spatial gas density distribution, and range from less than
50% of Mmbar (Miller & Bregman 2015) to all of Mmbar
(Fang et al. 2013).
The nonzero value of r1 assumes that there is an inner
thermal core in the gas distribution, as found in cos-
mological simulations, and here in all our simulations
except for run 5, we adopt r1 =
3
4
rs (Maller & Bullock
2004). r2 represents the impact of stellar and AGN feed-
back processes on the halo gas distribution (r2 > rs),
and here we assume that r2 = 100 kpc or larger. α1 and
α2 also affects the density profile, and to ensure that the
gas density distribution approaches to the NFW distri-
bution ρ(r) ∝ r−3 at very large radii, we assume that
α1 + α2 = 3.
Gas metallicity affects the cooling rate of the hot gas
at about 106 K strongly, and its impact on the thermo-
dynamic evolution of the halo gas is investigated quan-
titatively in our simulations (see Section 3.4). Observa-
tional constraints on gas metallicity depend critically on
the detection method and the adopted model, and are
not firmly established yet. From observations of several
high-velocity clouds (HVCs) and the Magellanic Stream,
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Table 1. List of Simulations
Mg r1
a r2 α1
b metallicity
run (1011M⊙) (kpc) (kpc) Z⊙
1............. 1.0 23.4 100 1 0.3
2............. 0.5 23.4 100 1 0.3
3............. 0.3 23.4 100 1 0.3
4............. 0.1 23.4 100 1 0.3
5............. 1.0 70.0 100 1 0.3
6............. 1.0 23.4 200 1 0.3
7............. 1.0 23.4 500 1 0.3
8............. 1.0 23.4 5000 1 0.3
9............. 1.0 23.4 100 2 0.3
10........... 1.0 23.4 100 1 0.1
11........... 1.0 23.4 100 1 1.0
a
r1 = 23.4 kpc corresponds to r1 =
3
4
rs, which is adopted
from Maller & Bullock (2004)
bThe value of α2 can be derived from α1 according to
α1 + α2 = 3.
Gibson et al. (2000), van Woerden et al. (2004), and
Fox et al. (2005) imply that the halo gas metallicity may
be predominantly sub-solar. Miller & Bregman (2015)
indicate that the halo gas has a sub-solar metallicity
Z & 0.3Z⊙ which decreases with radius. In the outer
parts of the MW’s halo, the gas metallicity may drop to
Z ∼ 0.1Z⊙ (Troitsky 2017). Here we adopted a spatially
constant gas metallicity for simplicity, and investigated
the impact of gas metallicity in our simulations with
three different values of Z: 0.1Z⊙, 0.3Z⊙, and Z⊙. To
fully investigate how the properties of the halo gas affect
the development of cooling flows, we performed a large
suite of hydrodynamic simulations with different model
parameters, as listed in Table 1.
2.4. Simulation Setup
Assuming axisymmetry around the MW’s rotational
axis, we solve Equations (1)-(3) in spherical coor-
dinates (r, θ) with the ZEUS-MP code (Hayes et al.
2006). ZEUS-MP is a multi-physics, massively parallel,
message-passing implementation (MPI) of the ZEUS
code. Our computational domain extends from an in-
ner boundary at rmin = 1 kpc to an outer boundary at
rmax = 250 kpc in the radial direction. We have also
performed several simulations with a much larger radial
domain and found that our results are very robust. We
adopt a non-uniform grid with (∆r)i+1/(∆r)i = 1.01745
in the radial direction and a uniform grid in the angular
direction within the computational domain 0 ≤ θ ≤ pi.
The numbers of active meshes are (Nr, Nθ) = (324, 180).
We choose the outflow boundary condition at both the
inner and outer radial boundaries where the gas is only
allowed to flow out of our computational domain. For
the boundaries in the angular direction at the poles, we
choose the axis of symmetry boundary condition.
2.5. Initial Conditions
We assume that the hot gas in the MW’s halo is
initially in hydrostatic equilibrium state, i.e., ρ∇Φ =
−∇P . The initial gas density distribution is described
by Equation 14 and discussed in Section 2.3. Figure 1
shows the initial density profiles in our simulations with
different model parameters as listed in Table 1, including
the total gas massMg, r1, r2 and α1. We choose run 1 as
our fiducial model, and the legend in each panel shows
the values of the parameters that are different from run
1.
We assume that the initial gas temperature at the
outer boundary r = 250 kpc is Tout = 7× 105 K, which
is consistent with the result of the MB model shown
in Fang et al. (2013). The whole initial temperature
profile can then be self-consistently derived from hydro-
static equilibrium and the initial density profile. With
hydrostatic equilibrium, the gas temperature profile is
determined by the density profile and the gravitational
potential well. The normalization of the density pro-
file (Mg) and gas metallicity does not affect the derived
temperature profile, which is shown in Figure 2 for some
of our simulations. We have also experimented with dif-
ferent values of Tout between 10
5−106 K that affects the
initial temperature profile, and found that our main re-
sults presented in the following section are not affected
substantially.
3. RESULTS
In this section, we present our results from a suite
of hydrodynamic simulations with different model pa-
rameters. These simulations follow the thermodynamic
evolution and the development of cooling flows in the
hot gaseous halo of the MW. In Section 3.1, we describe
the evolution of the hot halo gas in our fiducial model
(run 1). The impact of the total gas mass, the initial gas
density distribution, and gas metallicity on our results
are presented in Section 3.2, Section 3.3 and Section 3.4,
respectively. We discuss the impact of the Galactic disk
and bulge in Section 3.5.
3.1. Cooling Flows in Our Fiducial Run
Here we use our fiducial model (run 1) to show the
basic picture of the development of cooling flows in the
MW’s halo. The simulation starts from hydrostatic
equilibrium, and the evolution of the gas density and
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Figure 1. Initial gas density profiles in our simulations as listed in Table 1. The legend in each panel shows the values of the
parameters that are different from our fiducial model (run 1). Mmbar in the left panel denotes the total mass of the missing
baryons in the MW, Mmbar = 1.0× 10
11M⊙.
Figure 2. Initial gas temperature profiles in our simulations
with different values of r1, r2 and α1. Note that the temper-
ature distribution is not affected by the total gas mass Mg
and gas metallicity.
temperature profiles is shown in Figure 3. From t = 0
Myr (blue line) to t = 100 Myr (green line), the gas
temperature in inner regions decreases slowly due to ra-
diative cooling, and correspondingly, the gas density in-
creases slowly. A cooling catastrophe happens sometime
between t = 100 and 200 Myr, when the gas temper-
ature within the inner several kpc drops dramatically
from ∼ 106 K to 104 K, which is the lower temperature
floor that we set artificially in our simulations. The
cooling catastrophe leads to gas inflows, resulting in a
dramatic increase in the gas density in this inner region.
At galactocentric distances of several tens kpc, the gas
density drops slightly as the gas flows to inner regions
after the cooling catastrophe. The time when the cool-
ing catastrophe happens is roughly consistent with the
initial cooling time of the gas in inner regions.
When t > 200 Myr, the gas in inner regions com-
pletely cools down, forming a cool core, and these cooled
gas may become the raw material for future star forma-
tion activities in the Galaxy. At later times, the spa-
tial size of the central cool core slowly grows with time.
This whole picture is consistent with the development of
spherically-symmetric cooling flows in galaxy clusters in
the absence of any heating sources (e.g., see Guo et al.
2018).
3.2. Impact of the Halo Gas Mass
The cooling rate of the hot gas depends sensitively on
the gas density, and the development of cooling flows
is also expected to depend on it. The normalization of
the gas density profile is described by the total halo gas
mass Mg in our model, and here we investigate its im-
pact on the gas evolution. Figure 4 shows the initial
cooling timescales tcool = e/C of the hot gas in four of
our simulations with different total gas masses. As ex-
pected, the cooling time increases with radius, as the gas
density decreases outward. At each radius, the gas cool-
ing time decreases as the value of Mg increases. When
Mg = 0.1×Mmbar in run 4, the gas cooling time exceeds
2 Gyr even in inner regions, indicating that the central
cooling catastrophe would not develop within about 2
Gyr. When Mg = Mmbar, the cooling time of the hot
gas in inner regions is about 200 Myr, consistent with
the time when the cooling catastrophe happens in run 1
(see Section 3.1).
To quantify the strength of the developed cooling
flows, we show the evolution of the mass inflow rates
in runs 1, 2, 3, and 4 in Figure 5. Here the mass inflow
rate M˙(t) is evaluated at the inner boundary rmin = 1
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Figure 3. Evolution of the electron number density (left) and temperature (right) profiles of the hot gas in run 1. Note that a
cooling catastrophe happens between t = 100 and 200 Myr.
kpc in our simulations,
M˙(t) = 2pir2min
∫ pi
0
ρ(θ, t)vr(θ, t) sin θdθ. (16)
As shown in Figure 5, the mass inflow rate evolves slowly
before the cooling catastrophe. After the cooling catas-
trophe develops, the mass inflow rate increases gradually
and eventually reaches to a quasi-steady state. At very
late times, the mass inflow rate decreases slightly as the
total gas mass within our computational domain drops
due to gas inflows across the inner boundary (note that
gas inflows across the outer boundary are prohibited by
our outflow boundary condition).
It is clear from Figure 5 that the total mass of the
halo gas has a great impact on the mass inflow rate.
The higher the halo gas mass, the larger the mass inflow
rate. When Mg = Mmbar, the mass inflow rate in the
quasi-steady state approaches 50 − 60 M⊙ yr−1. Even
when Mg drops to 0.3Mmbar as in run 3, the final mass
inflow rate is still about 5M⊙ yr
−1. These inflows bring
cold gas to central regions of the Galaxy, and could thus
significantly enhance the star formation rate (SFR) in
the MW. If the gas mass in the Galactic halo is very
low, say, only about one tenth of the missing baryons in
the MW as in run 4, the gas cooling time is then very
longer (> 2 Gyr; see Figure 4), and the gas inflow rate
at around 1 Gyr only reaches about M˙ ∼ 10−5M⊙ yr−1.
It is widely believed that the current observed SFR in
the MW is about 1− 2 M⊙ yr−1 (Robitaille & Whitney
2010; Chomiuk & Povich 2011). Recent observations
suggest that the bulk of the stars at the GC were formed
at least 8 Gyr ago, and the star formation activity there
was very quiescent during most times of the past 8 Gyr
(Nogueras-Lara et al. 2019). The low SFR in the MW
and particularly the long-term low level of star forma-
tion activity at the GC indicate that there must be ad-
Figure 4. Cooling timescales of the hot gas in four of our
simulations with different values of the initial halo gas mass
Mg. The blue solid, green dashed, orange dotted and red dot-
dashed lines correspond to runs 1, 2, 3 and 4 with the corre-
sponding total gas masses Mg =Mmbar, 0.5Mmbar, 0.3Mmbar
and 0.1Mmbar, respectively.
ditional heating sources in the MW to suppress cooling
flows, unless the total mass of the halo gas is very small
Mg . 0.1Mmbar, which results in inefficient gas cooling.
3.3. Impact of the Gas Density Distribution
Mg determines the total mass of the halo gas, while
the gas density distribution is also affected by the pa-
rameters r1, r2, α1, and α2, as shown in Equation (14).
Here r1 < r2 and α2 = 3 − α1. The values of these
parameters determine where the halo gas with the total
mass Mg is distributed radially. The density profile is
flat at r ≪ r1, scales roughly as r−α1 at r1 ≪ r ≪ r2,
and as r−3 at r ≫ r2. In this subsection we discuss the
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Figure 5. Time evolution of the mass inflow rates across
the inner boundary in runs 1, 2, 3, and 4 with different halo
gas masses. Negative values of M˙ indicate inflows.
impact of the halo structure parameters r1, r2, and α1
on the evolution of the halo gas.
Figure 6 shows the initial gas cooling timescales and
the evolution of the mass inflow rates in a series of five
simulations with different values of r1 and r2. Note that
the halo gas mass within rvir is the same in these runs,
and r1 and r2 affect where the halo gas is distributed
spatially. When the value of r1 increases from 23 kpc in
run 1 to 70 kpc in run 5, the inner thermal core expands,
resulting in a decrease in the central gas density (see
Figure 1) and an increase in the central gas cooling time
(see the left panel of Figure 6). Similarly, as the value of
r2 increases, the halo gas is distributed more extendedly,
resulting in a decrease in the central gas density (see
Figure 1) and an increase in the central gas cooling time
(see the left panel of Figure 6). Therefore, the cooling
catastrophe happens at a later time when the value of
r1 or r2 is larger, as clearly shown in the right panel of
Figure 6.
Figure 7 shows the initial gas cooling timescales and
the evolution of the mass inflow rate in two simulations
(runs 1 and 9) with different values of α1. As α1 in-
creases, the inner density core becomes stronger, result-
ing in higher central gas densities and shorter central gas
cooling times. Thus the cooling catastrophe develops at
an earlier time in run 9 with α1 = 2 than in run 1 with
α1 = 1.
In summary, for a fixed halo gas mass, the gas den-
sity distribution affects the time when the cooling catas-
trophe happens. More extendedly the halo gas is dis-
tributed, later the cooling catastrophe starts. However,
it is remarkable that the mass inflow rate after the cool-
ing flow reaches the quasi-steady state does not depend
sensitively on the values of r1, r2, and α1, as shown in
the right panels of Figures 6 and 7. On the other hand,
as discussed in Section 3.2, the mass inflow rate depends
strongly on the total halo gas mass. We note that the
gas distribution in run 8 is very extended with r2 = 5000
kpc, approaching the MB distribution, which results in
a very long central gas cooling time, and therefore the
cooling catastrophe has not yet started at t < 2 Gyr,
which explains the low mass inflow rates at t < 2 Gyr
shown in Figure 6.
3.4. Impact of Gas Metallicity
Here we investigate the impact on the evolution of the
halo gas from gas metallicity, which significantly affects
the gas cooling rate. We present our results from our
fiducial run with three different values of gas metallicity
Z = 0.1Z⊙, 0.3Z⊙, and Z⊙ in Figure 8, which shows
the initial gas cooling timescales (left panel) and the
temporal evolution of the mass inflow rate across the
inner boundary in these three runs. It is clear that the
gas cooling time decreases with increasing metallicity.
With higher gas metallicities, the cooling catastrophe
starts earlier, and the mass inflow rate in the quasi-
steady state is also larger. With Mg = Mmbar in run 1,
the final mass inflow rate increases from about 25 M⊙
yr−1 when Z = 0.1Z⊙ to about 70 M⊙ yr
−1 when Z =
Z⊙. Thus, ifMg =Mmbar and Z & 0.1Z⊙, the predicted
mass inflow rate is much larger than the observed SFR in
the MW of about 1− 2M⊙ yr−1 (Robitaille & Whitney
2010; Chomiuk & Povich 2011), indicating that heatings
from star formation or AGN activities may be important
in the Galactic halo.
3.5. Impact of the Galactic Disk and Bulge
In all the simulations presented in the previous sub-
sections, we only consider the gravity of the dark mat-
ter halo, while the contribution of the Galactic disk and
bulge to the gravity is neglected. Here we investigate the
impact of the gravity of the Galactic disk and bulge on
the evolution of the cooling flows. Note that the gravi-
tational potential of the Galactic disk is not spherically-
symmetric (see Equation 12). We choose run 1 as our
fiducial model and present two simulations with and
without the gravity of the Galactic disk and bulge. We
adopt the same spherically-symmetric initial gas den-
sity profile as in run 1, and solve the gas temperature
distribution assuming hydrostatic equilibrium.
Figure 9 shows the initial temperature profiles along
the Galactic rotation axis (θ = 0) and the Galactic plane
(θ = pi/2). It is clear that the gas temperatures along
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Figure 6. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters r1 and r2.
Figure 7. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters α1 and α2.
Note that α2 = 3− α1.
Figure 8. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in our fiducial model (run 1) with different gas metallicities.
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these two angles are very close to each other at the same
radius, and the gas temperature along the Galactic plane
is slightly higher in inner regions due to stronger gravity.
Comparing the simulations with and without the gravity
of the disk and bulge, it is clear that the gravity of the
disk and bulge mainly affects the inner region with r .
50 kpc. At r & 50 kpc, the impact of the Galactic disk
and bulge is very little, and the gas temperature profiles
in these two cases are very close to each other. With the
gravity of the disk and bulge, the gas temperatures in
inner regions are higher, leading to longer cooling times
there (see the left panel in Figure 10) and a later start
time of the cooling catastrophe (see the right panel in
Figure 10). However, the right panel in Figure 10 clearly
shows that the gravity of the Galactic disk and bulge
does not substantially affect the mass inflow rate at the
final quasi-steady state, which is mainly determined by
the total gas mass in the halo and the gas metallicity.
In reality, the gravity from the Galactic disk and bulge
affects both the density and temperature distributions
of the halo gas in inner regions. We performed an addi-
tional simulation, showing that, if the initial gas temper-
ature profile is fixed, the equilibrium gas density profile
will be enhanced in the inner region (r . 50 kpc). For
a fixed total mass of the halo gas, this means that the
halo gas is distributed more centrally-peaked, leading to
shorter central cooling times and an earlier start time of
the cooling catastrophe. However, the mass inflow rate
at the final quasi-steady state does not vary much com-
pared to our fiducial run with the dark matter potential
only. We thus conclude that the gravity from the Galac-
tic bulge and disk affects gas properties in inner regions,
but has little effect on the final mass inflow rate.
4. COMPARISON WITH OTHER MODELS
The spatial distribution of the hot gas in the Galac-
tic halo has not yet been well constrained by observa-
tions, and in our simulations, we use a new model (eqau-
tion 14) for it. There are several widely used models
for the halo gas distribution in the literature. Here in
this section, we investigate four such models: the MB
model, the NFW model, the cored-NFW model, and the
β model. In particular, we choose these density models
as our initial conditions in the simulations, and investi-
gate the development of cooling flows. We compare the
main results of our density model with those of these
four density models adopted from the literature. Here
we first briefly describe these four models and the model
parameters used in the simulations:
(1) The MB model assumes that the hot gas in
the halo is isentropic with a polytropic index of 5/3
and is in hydrostatic equilibrium within the gravita-
Figure 9. Initial temperature profiles as a function of radius
along different angles: θ = 0 (green) and pi/2 (red) in run 1
when the gravity of the Galactic disk and bulge is included.
The temperature is solved from hydrostatic equilibrium with
a spherically-symmetric gas density profile the same as in
run 1. As a comparison, the blue line is the corresponding
temperature profile in run 1 when the gravity of the Galactic
disk and bulge is not included.
tional potential of the MW’s NFW dark matter halo
(Maller & Bullock 2004; Fang et al. 2013). The gas den-
sity profile can be described by (Maller & Bullock 2004):
ρMB(x) = ρm[1 +
3.7
x
ln(1 + x)− 3.7
Cv
]3/2 , (17)
where x ≡ r/rs. Following Fang et al. (2013), we deter-
mine the normalization parameter ρm by requiring that
the total hot gas mass within the virial radius equals
to Mmbar = 10
11 M⊙. The temperature profile is natu-
rally derived from hydrostatic equilibrium as described
in Section 2.3, and is consistent with that presented in
Maller & Bullock (2004) and Fang et al. (2013).
(2) The NFW model assumes that the density distri-
bution of the hot halo gas scales with the NFW dark
matter density distribution with a reduction factor:
ρNFW(x) =
ρn
x(1 + x)2
, (18)
where x is the same as before, x ≡ r/rs, and the normal-
ization parameter ρn is determined by the total hot gas
mass within the virial radius Mg = Mmbar. As in our
fiducial model, the temperature profile is determined by
the assumption of hydrostatic equilibrium. Note that
the NFW model for the halo gas in Fang et al. (2013)
assumes a spatially constant temperature Th, and there-
fore, the hot halo gas is not strictly in a hydrostatic
equilibrium state there.
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Figure 10. Impact of the gravity of the Galactic disk and bulge on the evolution of the cooling flows. We choose run 1 as
our fiducial model and present two simulations with (red) and without (blue) the impact of the Galactic disk and bulge. The
left panel shows the angle-averaged cooling timescale as a function of radius at t = 0, while the right panel shows the temporal
evolution of the mass inflow rate across the inner boundary.
Figure 11. Radial profiles of electron number density in
a variety of gas density models: the MB model, the NFW
model, the cored-NFW model, the β model, and our fiducial
model (run 1). The squares are observational constraints
adopted from Grcevich & Putman (2009).
(3) The cored-NFW model assumes that the hot gas
in the halo follows the NFW model except for an inner
core, as suggested by a large suite of non-radiative cos-
mological gasdynamical simulations of galaxy clusters
in Frenk et al. (1999). Here we adopt the cored-NFW
model for the density distribution of the hot halo gas
according to Maller & Bullock (2004):
ρF(r) =
r3sρf
[r + (3/4)rs](r + rs)2
, (19)
where ρf is the normalization parameter to describe the
total gas mass within the virial radius, and we assume
Mg = Mmbar as in the above two models. The size
of the inner thermal core is 3rs/4, as also adopted in
most of our simulations (see Table 1). The temperature
profile is also solved from the assumption of hydrostatic
equilibrium. This model is very similar to the NFW
model except for a flat inner core, and is essentially the
same as our model if we choose r1 = 3rs/4 and r2 = rs
in Equation 14.
(4) The β model is often adopted to interpret the
observed X-ray surface brightness profiles of early-
type (Forman et al. 1985, O’Sullivan et al. 2003) and
late-type (Anderson & Bregman 2011, Dai et al. 2012)
galaxies. The classical β model is described as:
ρβ(r) = ρb(1 + (r/rc)
2)−3β/2 , (20)
where ρb is the central density, rc is the core radius,
and typically rc . 5 kpc. Following Miller & Bregman
(2015), we simplify the β model to a simple power law
as r > rc in most regions:
ρβ(r) ≈ ρbr
3β
c
r3β
, (21)
We adopt the best-fit values of the model parameters
β = 0.5 and ρbr
3β
c from Miller & Bregman (2015). With
these parameters, the total gas mass within the virial
radius only accounts for 6.5% of the total missing baryon
mass in the MW Mmbar. For the gas temperature in
the halo, we also follow Miller & Bregman (2015) to set
a spatially constant temperature Thalo = 10
6.3 K, and
thus the hot gas in the halo is not strictly in hydrostatic
equilibrium.
Figure 11 shows the radial profiles of electron num-
ber density in the above four models and our fiducial
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Figure 12. Corresponding temperature profiles as a func-
tion of radius for a variety of gas density models shown in
Figure 11. See text in Section 4 for more details.
Figure 13. Temporal evolution of the mass inflow rates
across the inner boundary in a variety of halo gas models
shown in Figures 11 and 12.
model (the initial density profile in run 1). As a compar-
ison, we also show density estimates from ram-pressure
stripping arguments in Grcevich & Putman (2009). It
is clear that the gas density profile in our model lies
between the centrally-peaked NFW model and the MB
model, which is the most spatially extended model in
these five density models. The corresponding temper-
ature profiles of these five models are shown in Figure
12. It seems that the NFW model is unphysical for the
hot gas in the Galactic halo as the temperature drops
inward in inner regions and is lower than 106 in most
regions, while X-ray observations suggest that the halo
gas temperature is around logT = 6.1−6.4 (Wang et al.
2005, Yao & Wang 2007, Hagihara et al. 2010).
The development of cooling flows in these four models
is consistent with our results presented in Section 3. Fig-
ure 13 shows the temporal evolution of the mass inflow
rates across the inner boundary in these four models and
in our fiducial model (run 1) for comparison. As in run
8 (see Figure 6), the gas in the MB model has very low
densities in inner regions, resulting in very long cooling
times (& 2 Gyr). Thus the cooling catastrophe has not
yet started during the simulation time of t ∼ 1.5 Gyr in
the simulation for the MB model, and the mass inflow
rate only reaches to about 10−5 M⊙ yr
−1 at the end of
this run. The mass inflow rate in the β model when the
cooling flow reaches the quasi-steady state is also very
low, ∼ 0.02M⊙ yr−1, which is due to the fact that the
total gas mass in the Galactic halo in this model is small
(less than 10% of Mmbar) and is consistent with the es-
timate in Miller & Bregman 2015. The mass inflow rate
would increase as the total halo gas mass in the β model
increases, similar to the result shown in Section 3.2. For
the NFW and cored-NFW models, central gas densities
are quite high, which explains why the cooling catastro-
phe starts very early in these runs. Since the total halo
gas masses are quite high (Mg = Mmbar) in these two
runs, the maximum mass inflow rates across the inner
boundary are also quite large (∼ 70− 90M⊙ yr−1). The
decrease in the mass inflow rate at later times is caused
by the slowly depletion of the gas in our computational
domain due to inflows across the inner boundary. Note
that the gas is not allowed to freely flow into our com-
putational domain at the outer boundary.
5. SUMMARY AND DISCUSSIONS
Theoretical and observational arguments suggest that
a hot, extended gaseous halo exists around the MW. Ob-
servations imply that the gas density is around 10−5 −
10−3 cm−3, and the plasma temperature is ∼ 106 K
along individual lines of sight. However, the spatial dis-
tribution of the hot gas, and its total mass are not well
constrained so far. The understanding of the density
distribution of the hot gaseous halo can help to solve
the missing baryon problem of the MW. In this work,
we propose a new general model for the gas density dis-
tribution in the MW’s halo, which typically lies between
the centrally-peaked NFW model and the very extended
MB model. By properly choosing the model parameters,
our model can also approach the cored-NFW model and
the MB model.
We investigate the evolution of the hot gas in the
MW’s halo under radiative cooling with a series of
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2D hydrodynamic simulations started from hydrostatic
equilibrium. We did a parameter study in our simula-
tions, investigating the roles of our model parameters
and gas metallicity. Our simulations clearly indicate
that the total gas mass within the halo and gas metallic-
ity play crucial roles on the mass inflow rate in the de-
veloped cooling flow, which increases with both the halo
gas mass Mg and metallicity Z. For a typical metal-
licity Z = 0.3Z⊙, the mass inflow rate across the inner
boundary of 1 kpc increases from ∼ 5 M⊙ yr−1 when
Mg = 0.3Mmbar to ∼ 50 M⊙ yr−1 when Mg = Mmbar,
much larger than the SFR observed in the MW. This
suggests that stellar and/or AGN feedback processes
may play important roles in the evolution of the MW
by heating the halo gas and suppressing cooling flows.
For a fixed total gas mass in the halo, the spatial dis-
tribution of the halo gas does not substantially affect
the mass inflow rate after the cooling flow reaches the
quasi-steady state, but it does significantly affect the
onset time of the central cooling catastrophe. When
the halo gas distribution becomes more centrally-peaked
(e.g., for smaller values of r1 and r2 or larger values of
α1 in Equation 14), the central gas cooling time becomes
shorter and the central cooling catastrophe starts ear-
lier. But the mass inflow rate in the developed cooling
flow does not change much if the total halo gas mass is
fixed. We also investigate the impact of the gravity from
the Galactic disk and bulge on the evolution of the halo
gas. For the same gas density distribution, the gravity
from the disk and bulge increases the equilibrium gas
temperatures in inner regions and thus delays the onset
of the central cooling catastrophe, but it does not sub-
stantially affect the final mass inflow rate in the cooling
flow.
We also investigate the development of the Galactic
cooling flow with four other gas density models adopted
from the literature: the MB model, the β model, the
NFW model, and the cored-NFW model, and confirm
our results. In the MB model, the gas distribution is
most spatially extended, and the central gas cooling time
is even longer than our simulation time of about 1.5 Gyr,
at which the cooling catastrophe has not yet started. In
the β model directly adopted from Miller & Bregman
(2015), the halo gas mass is quite low, leading to a
small mass inflow rate (M˙ ∼ 0.02M⊙ yr−1) at the quasi-
steady state. In the NFW or the cored-NFW model,
the gas distribution is centrally peaked, resulting in a
very short onset time of the central cooling catastrophe
and the final mass inflow rate is quite large (& 50M⊙
yr−1). Future X-ray observations with higher sensitivity
and spectral resolution, particularly of nearby MW-type
galaxies, can help better constrain the spatial distribu-
tion of the hot circumgalactic medium, and the impor-
tance of cooling flows and feedback processes on the evo-
lution of MW-type galaxies.
The importance of radiative cooling in the hot gaseous
halo may also be characterized by the radiative power
within the virial radius rvir, defined as
Prad =
∫ rvir
rmin
∫ pi
0
2pir2C sin θdrdθ. (22)
At T ∼ 106 K, the hot gas mainly emits in ultraviolet
(UV) and soft X-rays, and the UV emission dominates.
Obviously, the radiative power Prad increases with the
halo gas mass Mg and the gas metallicity Z. For given
values of Mg and Z, Prad increases gradually as the gas
density distribution becomes more centrally peaked. For
the halo gas model adopted in our simulations with a
typical metallicity Z = 0.3Z⊙, Prad increases from 1.05×
1040 erg/s when Mg = 0.1Mmbar to 9.46 × 1040 erg/s
when Mg = 0.3Mmbar to 2.63 × 1041 erg/s when Mg =
0.5Mmbar to 1.06× 1042 erg/s when Mg =Mmbar. Note
that Prad ∝M2g for a given Z.
The hot halo gas is expected to be heated by stellar
and AGN feedback processes. Assuming the Galactic
supernova rate of 1.9 events per century (Diehl et al.
2006), and a characteristic energy output of 1051 erg per
supernova (Ciotti et al. 1991; Li & Tonnesen 2019), the
average heating rate from supernova feedback is about
6.03×1041 erg/s, which is more than enough to offset ra-
diative cooling in most models unless Mg & 0.76Mmbar.
The heating rate from AGN feedback in the Galaxy is
harder to constrain from current observations. Assum-
ing that AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy every 50 Myr
and the energy output from each event is around 2×1055
erg (Zhang & Guo 2020; Guo & Mathews 2012), the av-
erage AGN feedback heating rate is 1.27 × 1040 erg/s.
Although this is much less than the average supernova
feedback heating rate, AGN feedback deposits energy to
much larger regions in the halo, potentially having sig-
nificant effects on the transport and mixing of the gas
and metals in the halo.
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